Synthesis of novel cyanoethylated cyclodextrin derivatives from previously prepared intermediates is described. It was found the alcohols at the primary face of cyclodextrins readily react to add to acrylonitrile, but similar additions from hydroxyl groups of the secondary face appears to be more difficult. The obtained cyanides could be reduced to form the corresponding amines.
Introduction
Cyanoethylations involve the conjugate addition of nucleophiles possessing a labile proton such as alcohols, amines, thiols to the reactive acrylonitrile. 1 The formed 3-substituted proprionitriles are very useful drug intermediates and other industrial materials because the nitrile functionality could be further converted either to an amine 2 or aldehyde 3 by reduction or to a carboxylic acid 4 /amide 5 by hydrolysis. In material chemistry, the nitrile group could also be the desired functional group to be retained in the final products, as it is relatively stable under neutral conditions and is very polar (more polar than hydroxyl group), which could help improve the dielectric properties of materials. 6, 7 Typically cyanoethylation of alcohols is less reactive than the similar reaction with amines because of the stronger nucleophilicity/basicity of amines. Thus no catalyst is required for the cyanoethylation of amines. However, for alcohols, the reactions are typically catalysed by homogeneous base catalysts such as alkali hydroxides and alkoxides. Some heterogeneous catalysts, such as the quaternary ammonium hydroxide based anionic resins and modified Mg-Al hydrotalcite, 8 were also reported in the literatures. In carbohydrate chemistry, cyanoethylation reaction has been widely used to functionalize polysaccharides such as cellulose, 9,10 starch 11 and others 12, 13 . Descotes et al also reported 14 the O-cyanoethylation of small monosaccharides (glucose and fructose) and disaccharides (sucrose) in 2006 in order to obtain environmental friendly polycarboxylates that can be used as a substituent of sodium tripolyphosphate detergent formulations. Based on the available information, we were interested in applying the Ocyanoethylation to cyclodextrin (CD) chemistry. Chemically modified CD derivatives have found widespread utilities in different fields. 15, 16 For example, both 2-D r a f t hydroxypropyl and sulfobutyl-modified CDs are commercially available and have been extensively used as excipients in drug formulations. 17 Despite the facts that many organic reactions have been successfully applied to cyclodextrin chemistry, the Ocyanoethylaation has not received much attention. To our best knowledge, the only report was the recent work by Ito et al 18 on the synthesis of polyrotaxane polymers consisting of axle polyethylene glycol (PEG) and threaded α-CD that had the hydroxyl groups modified with cyanoethyl groups. Because only crude products were obtained from the reaction of the PEG-threaded polyrotaxanes, no detailed studies by NMR on the final products were possible thus no information was available on the positions of cyanoethylations and degrees of substitutions in the α-CD. Herein, we report the cyanoethylation of different α-and β-CD derivatives and their detailed structural characterizations.
Results and Discussion
The reported work by Descotes et al 14 used potassium hydroxide as the catalyst which provided some interesting outcomes. For example, the per-O-cyanoethylation of sucrose appeared to be quite efficient, which provided the corresponding 1',2,3,3',4,4',6,6'-octa-O-(2-cyanoethyl)sucrose in 70% yield at a 5-g scale after heating sucrose with acrylonitrile in 10% aqueous KOH at 50 °C for 3 h. However, similar persubstitution with methyl α-D-glucopyranoside was problematic which gave the desired tetra-O-(2-cyanoethyl)-substituted product but was unable to be separated from β,β'-dicyanoethyl ether, formed as a by-product from the reaction. 20 which gave the corresponding persubstituted product in only 37% yield. The only difference between the two glycosyl azides was the secondary hydroxyl group at C-2, whereas in the mannose case, the C-2 hydroxyl group occupies an axial configuration, which is known to be less reactive in carbohydrate chemistry; this could explain the lower yield observed by the authors for the mannosyl substrate. In the case of CD molecules, all secondary hydroxyl groups occupy an equatorial position, thus we were wondering if they would react in a similar manner as in the case of β-D-glucopyranosyl azide. We thus subjected β-CD (1) to react with acrylonitrile using different conditions in expecting to obtain the per-2,3,6-O-(2-cyanoethyl)-β-CD (2). The test cyanoethylation reaction was carried out in DMF with native β-CD using 10% NaOH as the base and excess amount of acrylonitrile (2.5 equiv./OH); however after stirring at room temperature for extended period (1 week), or by raising the temperature to 50 °C, no desired product (2) was obtained. TLC also revealed that the formed products were just mixtures with no major product observed. We also attempted the aforesaid reaction by changing the base to DBU without positive outcome. derived from α-and β-CDs respectively and they were available from the previously reported DIBAL-H-mediated reductive O-desilylations of the corresponding per-6-Osilylated-CDs; both of them contains one primary hydroxyl group. The Ocyanoethylations of compounds 3 and 4 were respectively carried out in THF using a large excess amount of acrylonitrile (5 mL/ mmol OH) at 60 °C, and for convenience, a catalytic amount of potassium tert-butoxide was used as the base. The Michael addition proceeded smoothly to afford the corresponding adducts 5 and 6 in very good to excellent yields (85% for 5 and 73% for 6). Thus each of the CD compounds 7-8, 11, 13 and 15-16 was subjected to a reaction with acrylonitrile using similar conditions described for 3/4; in most cases, a D r a f t catalytic amount of potassium tert-butoxide was used as a catalyst except for 11 which was obtained by using a small amount of 40% NaOH solution as a catalyst. In all cases, the expected O-cyanoethylated products 9-10, 12, 14, 17-18 were obtained smoothly in good to excellent yields (60-88%), and the two hexa-substituted products 18-19 were obtained in slightly lower yields than the others, which was not surprising.
D
For all symmetric substrates of α-CD, the completeness of addition in the isolated product was confirmed by the consistent observation of the expected axial symmetry in the NMR spectra. Incomplete O-cyanoethylation reactions would make the formed product unsymmetrical, thus the NMR spectra of the corresponding product would be very complex as a result of the loss of symmetry. For example, for both compounds 9 and All CD substrates used above contain only primary hydroxyl groups. In our group, we had also access to a substrate (19, Scheme 4) of α-CD that was obtained through the DIBAL-H mediated triple O-debenzylation from per-2,3,6-O-benzylated α-CD. 28, 29 The three hydroxyl groups were determined to be at the 6 2452.0635). In order to force the secondary hydroxyl group to react, we used four equivalent of potassium tert-butoxide and heated the reaction gradually to reflux conditions; however, although TLC showed some new spots which were less polar than the 20, but they were very minor and hence couldn't be isolated for characterization. An attempt to change the base to 10% aqueous NaOH didn't help, we thus concluded that the secondary hydroxyl group in 19 was too inert to react. 
Conclusions
O-Cyanoethylation reaction could be successfully applied to CD chemistry to afford derivatives containing multi-or poly-cyanides which could be used for further chemical modification. Our studies showed that the primary hydroxyl groups readily add to acrylonitrile, but similar additions from secondary hydroxyl groups appears to be more difficult. The obtained cyanides could be further reduced to the corresponding amines which should prove to be reactive and versatile intermediates for further chemical modifications. anhydrous Na 2 SO 4 , and evaporated in vacuo to give a residue, which was purified by column chromatography on silica gel to yield the addition product.
Experimental Section
Method II: The CD alcohol (0.5 mmol) was dissolved in neat acrylonitile (10 mL) and three aliquots of 40% NaOH (0.1 -0.15 mL) were added slowly at an interval of 30 min. After stirring at room temperature for 10 h, the reaction was heated to 50 °C for 6 h to ensure complete reaction. The mixture was cooled and extracted with ethyl acetate.
The organic solution was successively washed with diluted aqueous HCl and water, dried over anhydrous Na 2 SO 4, and evaporated in vacuo. The residue was purified by column chromatography on silica gel to provide the addition product.
(B) General Method for the reduction of nitrile to amine:
Method III: The nitrile compound (0.1 mmol) was dissolved in anhydrous THF (9 mL) and BH 3 .SMe 2 (2.0 M solution in ether, 10 equiv./per CN group) was added under nitrogen. The reaction mixture was heated to 65 °C for 8 h. After cooling down to room temperature, 20% AcOH/THF (3-4 mL) was added, at which point the evolution of H 2 gas was observed. The reaction mixture was then concentrated sequentially from toluene (10 mL) and methanol (10 mL). The crude residue was purified by column chromatography on silica gel to provide the desired amine. mmol, 140 µL).The crude product was purified by column chromatography on silica gel using 5% MeOH -CH 2 Cl 2 followed by 1 
